Cavity-damping-induced transitions in a driven atom-cavity system 
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We investigate the fluorescence spectrum of a two-level atom in a cavity when the atom is 
driven by a classical field. We show that forbidden dipole transitions in the Jaynes-Cummings 
Ladder structure are induced in the presence of the cavity damping, which deteriorates the degree 
of otherwise perfect destructive interference among the transition channels. With the larger cavity 
decay, these transitions are more enhanced. 
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The radiative properties of the Jaynes-Cummings 
Molecule (JCM), 1 a system composed of a single two- 
level atom coupled to a single mode of a cavity, need a 
particular attention. This system, regarded as one of the 
simplest and most fundamental forms of matter-radiation 
interaction, 2 has been extensively studied as a building 
block for the quantum information processing. 3 From the 
spectrscopic point of view, the dipole transition in the 
driven JCM is especially interesting because it provides 
a way to directly measure the eigenenergies of the coupled 
atom-cavity system. For a resonant atom-cavity system, 
the JCM has energy eigenvalues given by nfuvo ± gy/n 
with n = 0, 1, 2, . . . and g the coupling strength between 
the atom and the cavity. There have been efforts to ex- 
perimentally observe such a spectrum of eigen-energies. 2 
The eigenvalue for n = 1 with respect to the ground 
state (n — 0) has been measured by the experiments 
on the normal mode splitting. 4,5 Recently, Brune et al. 
have resolved the time evolution of a two-state Rydberg 
atom exposed to a microwave radiation in a microwave 
cavity. 6 From the dynamics of the system, the Rabi fre- 
quency components corresponding to the eigenvalues for 
ri > 1 were extracted. 

The resonance fluorescence spectrum of JCM also pro- 
vides information on the higher eigenvalues. Experiments 
to measure such spectrum in the optical region are ex- 
pected in the near future as the cavity-QED techniques 
such as the single atom trapping in a cavity are rapidly 
maturing. 7 ' 8 In the ideal JCM where the cavity damping 
is absent, the dipole transitions only between the ad- 
jacent energy manifolds, i.e., between two energy levels 
with adjacent n values, are possible when the atom is 
driven by a strong coherent field. In this work, however, 
we report that the cavity damping induces new spectral 
lines corresponding to the transitions that are prohib- 
ited in the ideal JCM. One can observe, for example, 
novel peaks at the frequency ui = uiq ± V%g' , where g' 
is the atom-cavity coupling modified by the presence of 
both the driving field and the cavity damping. These 
new peaks correspond to the transition from manifold-2 
to manifold-0. The role of the cavity damping in this 
case is the deterioration of the degree of otherwise per- 



fect destructive interference in the transition channels ac- 
counting for the transition probability amplitude. Note 
that similar transitions can be found in the JCM where 
the cavity instead of the atom is driven. 9 The dynamics 
imbedded is, however, quite different from the present 
one since the anomalous transitions there are allowed by 
the driving field without the cooperation of the cavity 
damping. In the present system, the anomalous transi- 
tions are more enhanced with the larger cavity damping 
rate for a given driving-field intensity. We will derive 
an effective Hamiltonian which explicitly manifests the 
dynamic effect of the cavity damping. 

In our model a two-level atom coupled with a single- 
mode cavity is driven by a resonant classical field, as 
described by an interaction Hamiltonian 



where 



Hi = ihg(a/o~- — aa + ) + H ( \ 



Hd = ifiQ,(o~+ — G- 
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The atom-cavity coupling strength is denoted by g while 
f2 is the Rabi frequency of the driving field, o~± and a z 
the atomic pseudospin operators and a' (a) the creation 
(annihilation) operator of the cavity mode. For compar- 
ison, when the cavity instead of the atom is driven, Hd 
is replaced with the form 



H,i 



ih£(a ! — a), 



(3) 



which will be referred later. 

Let us first consider the undamped system. The 
eigenenergies and the eigenstates of Hi have been ob- 
tained by Alsing et al. 10 as 



Et=±hyfrg, (n = 0,l,2,. 



and 
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where a = il/g, and D{a) denotes the displacement op- 
erator for the cavity-field mode. The notation |n c )|±) 
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represents the state in which the cavity photon number 
is n c and the atom is in its excited/ground state. 

In the cavity-driving case, however, the quasi-energies 
depend on the driving field as 10 

Et = ±hV^g[i - (2£/g) 2 ] 3/i = ±7>vW, (6) 

where n = 0, 1,2, We have found in the previ- 
ous work 9 that the anomalous dipole-transition lines are 
found in the spectrum of the resonance fluorescence at 
u) = uj ± V2g', ±>/3g', etc. due to the dynamic effect 
induced by the driving field in the cavity-driving case. In 
that case, the positions of the transition lines in the spec- 
trum are highly dependent on the driving field intensity 
since g' — g[l — (2£ / g) 2 ] 3 ^ 4 ■ In the atom-driving case, 
by a similar argument, one might expect similar transi- 
tion lines might be induced by the strong driving field, at 
uj = ojo ± V2g, ±v3<? etc.. We show below, however, that 
the driving-field alone cannot induce such transitions. 

In the absence of atom/cavity damping, the matrix el- 
ements for the dipole transitions from the quasi-energy 
state to {(fa') are calculated as 

(4',|a_|^)=/^, n _ l! (7) 

where = ±1 stand for the upper(+) and the lower(-) 
states, respectively. From the above selection rule, it is 
clear that only the transitions between adjacent mani- 
folds (from n to n — 1) are possible. 

Now, let us turn our attention to the realistic situa- 
tion where both the atomic and the cavity damping are 
included. The time evolution of the system is obtained 
by the master equation for the density operator pi as 

Pi = [g(a + <T- - a<7 + ) + Q(a + - <T-),pi] 

+ (7/2)(2(T_p/(T + - cr+er-p/ - p/(7 + (T_) 

4- K(2apia + — a + api — pia + a) (8) 

where 7 the decay rate of the atom into free-space 
vacuum-field modes and 2k the cavity damping rate. 
If the atom is inside an ideal lossless cavity (k = 0), 
in the steady state the cavity field becomes a coher- 
ent state and the atom remains its ground state, i.e., 
pj s = \a, —)(a, — |. Thus, in this case the fluorescence of 
the atom is suppressed regardless of the strength of 7. 11 
The cavity in real experiments, however, are always lossy, 
and thus the atom can be excited and the fluorescence is 
not suppressed. 

We have numerically calculated the fluorescence spec- 
trum using the quantum regression theorem 12 including 
the cavity damping. The results are shown in Fig. 1, 
where the dominant peak a is found near at ujq + g (and 
its counterpart at coq — g), which corresponds to the usual 
vacuum Rabi-splitting. Interestingly, additional peaks b 
and c are found near at ujo+V^g and ujQ+2g, respectively. 
As discussed before based on Eq. (pi) , they are the forbid- 
den transitions when k = 0. These anomalous peaks are 



enhanced as the driving-field intensity is increased fur- 
ther as in Fig. 1 (b). The peak d near at (y/2 — l)g, on 
the other hand, is the allowed one. The novel dynam- 
ics imbedded in these anomalous transitions is induced 
by the presence of the cavity damping in addition to the 
driving field. 

The master equation, Eq. (||) is not much instructive 
in the present form to understand the dynamics, so it is 
transformed using p = D + (a)piD(a) into 

p = [g(a + cr_ — aa + ),p] + Q-\a + — a, p] 

g 

+ (7/2)(2er-per+ - <T + <7-p~ - pcr+CT-) 

+ K(2apa + — a + ap — pa + a) (9) 

In this 'displaced' frame, the effective Hamiltonian is de- 
rived from the above expression as 

H c ff = ihg(a + a- — a<7 + ) + iMl — {a + — a) (10) 

g 

This is the very interaction Hamiltonian describing the 
cavity-driving case (see Eq. (||)) with the effective driv- 
ing field £ c ft = £ln/g. Once we make this identification, 
all the peculiar features in the fluorescence spectra can 
be explained. The eigenvalues of H q for nonzero k are 
given by replacing £ with £ c s = ttn/g in Eq. (^|) as 

Et = ±h^g[l - (2n K /g 2 ) 2 } 3/ \ (n = 0, 1, 2, ...), (11) 

and the corresponding eigenstates \Xn) are similarly ob- 
tained. As shown in Ref. 9, the transitions between 
the non-adjacent manifolds are possible in the cavity- 
driven JCM. For example, the peak b corresponds to 
the transition from \xz) to |xo)- To the first order 
in £ cS /g, \xo) ~ |0,-) - (£ cS /g)\0,+), and \xt) ~ 
|l,+)-2V2(£ off / ff )[|0,+)+V2|2,+)] Thus, the tran- 
sition channel from |0, +) to |0, — ) gives rise to the tran- 
sition matrix element to the lowest order in 2flK/g 2 as 

\(xoW-\xl)\ 2 = (2n K /g 2 ) 2 . (12) 

Note that in case of the lossless cavity with k = 0, the 
strength of the transition is zero. Thus, we conclude 
that the anomalous transitions are induced by the cav- 
ity decay in cooperation with the real driving field. In 
addition, from Eq. ([ll]), it can be easily deduced that 
the effective atom-cavity coupling constant is not g but 
g' = g[l — (2Qn/g 2 ) 2 } 3 / 4 , so the exact positions of the 
peaks a, b, c are predicted to be at g' , \/2g', 2g', respec- 
tively, which is numerically confirmed in Fig. 1. 

We can gain further physical insight on the dynamic 
effect of the cavity damping by expanding the transi- 
tion matrix elements in the increasing orders of a. For 
instance, in the absence of the damping, the transition 
matrix element for the peak at V2g' is given as 
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rioration. Therefore, it is now explained why the effective 
driving field £ c ff, which causes the anomalous transitions, 
is proportional to both the driving field intensity and 
the cavity damping rate. Similarly, the other anomalous 
peaks can also be explained. 

The dynamic effect of the cavity-damping can be seen 
more dramatically when the cavity-damping rate is in- 
creased while the driving-field Rabi frequency is fixed. 
As confirmed in Fig. f (c), the anomalous transitions are 
enhanced more compared with those in Fig. f (a). Of 
course, there is trade-off in this way of enhancing anoma- 
lous peaks because of the usual line broadening effect of 
cavity damping. In addition, the cavity damping cannot 
be increased beyond k — g 2 /2fl. Otherwise, the quasi- 
energy-state description is no longer valid as Eq. (|i"l| ) im- 
plies. 

In conclusion, we have investigated the anomalous 
spectral lines in the fluorescence spectrum of JCM in the 
atom-driving case. We have shown that the forbidden 
transitions with the driving field alone can be allowed 
by the cavity damping and that these transitions are en- 
hanced as the damping rate is increased. This novel effect 
of cavity damping in the dynamics of JCM can also be 
observed through similar transition lines in the spectrum 
of the cavity transmission although only the results of 
atomic fluorescence are presented here. 

This work is supported by Creative Research Initia- 
tives of the Korean Ministry of Science and Technology. 



FIG. 1. The spectrum (in arbitrary unit and in log scale) 
of the atomic fluorescence, (a) Q./g = 8/3, 2/t/g = 0.03, (b) 
Q/g = 16/3, 2n/g = 0.03, and (c) Q/g = 8/3, 2k/ g = 0.1. 
Location of each peak is identified as a — ► g', b — > \/2g' , 
c 2g', d -> (yi- l)g' with g' = g[l - (2n K / 5 2 ) 2 ] 3 / 4 . 

Although the driving field induces two transition chan- 
nels (0, — |ct_|0, +) and (I, — |<r_|l, +) to the first order of 
a, the probability amplitudes associated with these chan- 
nels have the same magnitude and the opposite sign, so 
that they are exactly cancelled. Due to this destruc- 
tive interference, the transition is forbidden. Similar 
arguments can be made for all orders of a. When the 
cavity damping is introduced, however, the cancellation 
is not exact, and thus the amplitude does not vanish. 
In this case, each number state \n) (n = 1,2, ••■), ex- 
cept the vacuum state |0), appearing in the above transi- 
tion matrix element, undergoes 'broadening', containing 
other number-state components, so that two channels do 
not cancel each other exactly. As the driving field gets 
stronger the higher order terms in Eq. (13) also become 
significant. Furthermore, as the cavity damping deterio- 
rates the destructive interference between the channels, 
the larger the cavity damping rate, the stronger the dete- 



[1 
[2. 
[3. 

[4 
[5 
[6 

[T 
[8 
[9 

[io; 
in 

[12 



E. T. Jaynes and F. W. Cummings, Proc. IEEE 51, 89 
(1963). 

Cavity Quantum Electrodynamics, edited by P. R. 

Berman, (Academic Press inc., New York, 1994). 

A. Rauschenbeutel, G. Nogues, S. Osnaghi, P. Bertet, M. 

Brune, J. Raimond, and S. Haroche, Science 288, 2024 

(2000). 

R. J. Thompson, G. Rempe, and H. J. Kimble, Phys. 
Rev. Lett. 68, 1132 (1992). 

J. J. Childs, K. An, M. S. Otteson, R. R. Dasari, and M. 
S. Feld, Phys. Rev. Lett. 77, 2901 (1996). 
M. Brune, F. Schmidt-Kaler, A. Maali, J. Dreyer, E. Ha- 
gley, J. Raimond, and S. Haroche , Phys. Rev. Lett. 76, 
1800 (1996). 

P. W. Pinkse,T. Fischer, P. Maunz, and G. Rempe, Na- 
ture 404, 365 (2000). 

J. Ye, D. Vernooy, and H. J. Kimble , Phys. Rev. Lett. 
83, 4987 (1999). 

H. Nha, Y.-T. Chough, and K. An, Phys. Rev. A 62, 
21801 (R) (2000). 

P. Alsing, D.-S. Guo, and H. J. Carmichael, Phys. Rev. 
A 45, 5135 (1992). 

P. Alsing, D. A. Cardimona, and H. J. Carmichael , Phys. 
Rev. A 45, 1793 (1992). 

R. Loudon, The quantum theory of light, 2nd ed. (Oxford 
Univ. press, Cambridge, 1983). 



3 



